ABSTRACT. The Dabie Shan of eastern China is a ϳ200 kilometers wide mountain range with nearly 2 kilometers of relief and is an archetype of deep ultrahigh-pressure metamorphic rock exhumation. Despite its regional and petrologic importance, little is known about the low-temperature and post-orogenic evolution of the Dabie Shan. Here we present apatite and zircon (U-Th)/He (AHe and ZHe, respectively) and apatite fission-track (AFT) cooling ages from the Dabie Shan that constrain the patterns and history of exhumation over the last ϳ115 myr. On the scale of the whole orogen, ZHe and AHe ages are inversely correlated with mean elevation and are systematically younger in the core of the range. These cooling ages were converted to exhumation rates assuming steady-state erosion and accounting for topographic effects. These results indicate that, since the Eocene, flanks of the range have eroded at rates as low as 0.02 km/myr, while the range core has eroded at about 0.06 km/myr. Even in the core of the range, these recent exhumation rates are at least 10 to 20 times slower than those estimated for the initial stages of exhumation in the Triassic-Jurassic. In a 1.4 kilometer vertical transect in the core of the range, all ages are positively correlated with elevation, with ZHe ages increasing from 76 to 112 Ma, AFT from 44 to 70 Ma, and AHe from 24 to 43 Ma. We present a simple model for topographic correction of thermochronometric ages in vertical transects, using the admittance ratio (ratio of isotherm relief to topographic relief). Applied to the AHe age-elevation relationship, this yields Tertiary exhumation rates of 0.05 to 0.07 km/myr in the core of the Dabie Shan, in good agreement with regional exhumation rate patterns. Finally, age-elevation relationships for all three chronometers in the vertical transect are consistent with a constant exhumation rate of 0.06 ؎ 0.01 km/myr since the Cretaceous, with a possible modest increase in exhumation rates (as high as 0.2 km/myr) between 80 to 40 Ma. These data show no evidence for significant variations in exhumation rates over the last ϳ115 myr, as might be expected for decay of old topography or tectonic reactivation of old structures.
characteristics such as topographic relief, lithospheric structure, and erosional fluxes change in response to post-orogenic deformation, climatic changes, fluvial adjustments, or convective instabilities (for example, Pazzaglia and Brandon, 1996; Ducea and Saleeby, 1998; Ratschbacher and others, 2000; Jull and Kelemen, 2001; Baldwin and others, 2003) . In some cases, post-orogenic dynamics of ancient ranges may record effects of relatively subtle or far-field tectonic activity or climatic changes, because these high-relief regions are susceptible to subtle erosion rate changes, which can be quantified with low-temperature thermochronometry such as (U-Th)/He or fissiontrack dating.
This study examines the post-orogenic evolution of the Dabie Shan of eastern China, an early Mesozoic mountain range whose initial high-temperature evolution is well-studied following the discovery of diamond-and coesite-bearing crustal rocks there. Here we present results and interpretations of the low-temperature postorogenic history of the Dabie Shan, using apatite and zircon (U-Th)/He (AHe and ZHe, respectively) and apatite fission-track (AFT) thermochronometry. The goal is to constrain the timing and rates of shallow crustal exhumation since the last major orogenic episode (mid-Cretaceous). Other than a previous study with four zircon (U-Th)/He ages (Kirby and others, 2002) , this study represents the first regional application of zircon (U-Th)He thermochronometry to understand orogenic exhumation, and our results support previous interpretations suggesting that ZHe ages can be assumed to represent cooling ages associated with an effective closure temperature of 180°Ϯ 20°C.
In interpreting these data we demonstrate the use of three different and relatively simple methods for interpreting topography-corrected exhumation rates from lowtemperature thermochronologic ages. The first method interprets exhumation rates from isolated ages in the context of a steady exhumation rate model that accounts for closure depth variations arising from variable cooling rates, topography above a critical wavelength, and other effects (Brandon and others, 1998) . This method is used to demonstrate a strong cross-range gradient in exhumation rates in the Dabie Shan. The second method interprets exhumation rates from age-elevation relationships of vertical transects by correcting for topographic effects (for example, Stüwe and others, 1994; Mancktelow and Grasemann, 1997) using the admittance ratio (the ratio of isotherm to topographic relief). Admittance ratio has been introduced by Braun (2002a) for assessing temporal changes in topographic relief; here we use it to correct for topographic effects on age-elevation relationships as a function of topographic wavelength and closure temperature. Our method makes use of the fact that admittance is largely independent of topographic relief, thus providing a useful and easily-applied correction for vertical-transect data. Finally, we directly model the thermal evolution of samples in the vertical transect using production-diffusion and annealing models, allowing for different thermal histories caused by topography in the latest stages of exhumation. Application of all three of these methods indicate that exhumation since at least the mid-Tertiary in the core of the Dabie Shan has been 0.06 Ϯ 0.01 km/myr.
tectonic setting
The Dabie Shan of east-central China ( fig. 1 ) lies at the eastern terminus of the currently contiguous part of a ϳ2000 kilometer long orogenic belt of generally subdued topographic relief (Ͻ2 km), extending from the Dabie Shan west towards the northern edge of the Tibetan plateau. Over most of its length, this belt is interpreted as the Triassic suture zone between the Yangtze craton to the south (now part of the South China block), and the Sino-Korean craton to the north (now part of the North China block). From west to east, it comprises the Qinling, Tongbai, Hong'an, and Dabie Shan. The Sulu region, about 500 kilometers northeast of the Dabie and separated from it by the Tan-Lu fault, is interpreted to be an eastern extension of this belt. Yin and Nie (1993) proposed that the originally irregular margin of the Yangtze craton block may be responsible for the apparent separation between the Dabie and Sulu areas.
A variety of geochronologic and sedimentologic evidence points to a Triassic age for the initial cratonal collision, with metamorphism continuing into the Jurassic (Nie and others, 1994; Hacker and others, 1996) . High-and ultrahigh-pressure (UHP) supracrustal rocks are thought to have been exhumed from depths as great as 120 to 140 kilometers (or higher; Zhang and others, 1999) near the end of the TriassicJurassic orogenic event (Hacker and others, 1996; Liou and others, 1996) , to depths corresponding to ϳ200°C by the middle Jurassic (Hacker and others, 2000) . Evidence for collision and rapid initial exhumation during the Triassic-Jurassic comes in part from zircon U/Pb ages throughout the Dabie Shan that are ϳ210 to 240 Ma, (although Proterozoic upper intercepts or cores are common) (Rowley and others, 1997; others, 1998, 2000) , as well as from white mica and biotite 40 Ar/ 39 Ar ages between about 280 to 118 Ma (Okay and others, 1993; Eide and others, 1994; Hacker and Wang, 1995; Hacker and others, 2000; Ratschbacher and others, 2000) .
In the early to middle Cretaceous, the Dabie Shan experienced a second major orogenic event, as did many other regions in eastern China, that was dominantly extensional and accompanied by voluminous magmatism. This event was probably related to subduction of the paleo-Pacific plate to the east (Ratschbacher and others, 2000) . Cretaceous plutons and orthogneisses with crystallization ages of 137 to 125 Ma (Xue and others, 1997; Ratschbacher and others, 2000) and estimated emplacement pressures of 4 to 9 kbar comprise almost half of the presently exposed rocks in the Dabie Shan. Assuming an average depth of 18 kilometers for these plutons (Ratschbacher and others, 2000) , the time-averaged exhumation rate since their average crystallization age (133 Ma) would be about 0.14 km/myr. Ductile and brittle extensional deformation during and subsequent to the Cretaceous magmatism also resulted in exhumation of high-pressure and ultra-high-pressure coesite-diamond bearing rocks from about 18 to 30 kilometers depths to shallow crustal depths (Eide and others, 1994; Webb and others, 1999; Ratschbacher and others, 2000) , although it is unclear if UHP rocks were already at the surface prior to the Cretaceous orogeny. Feldspar 40 Ar/
39
Ar dating and petrologic and structural evidence indicate that the Northern Orthogneiss unit in the northern part of the range developed a broad domal structure at this time. 40 Ar/
Ar cooling models of K-feldspar indicate that rocks now at the surface cooled through temperatures of approximately 200°C between ϳ200 to 90 Ma. Some of these K-feldspar ages are interpreted as cooling from re-heating between 110 to 90 Ma, and as late as 75 Ma in the nearby Tongbai region (Webb and others, 1999; Ratschbacher and others, 2000) .
Although both the Triassic-Jurassic and Cretaceous orogenic events may have been responsible for most of the exhumation of the currently exposed UHP rocks in the Dabie, evidence for the timing of first exposure of UHP rocks at the earth's surface in this range is ambiguous (Xue and others, 1996; Ratschbacher and others, 2000) . Grimmer and others (2003) Ar/ 39 Ar ages of detrital zircon and white mica, respectively, in synorogenic Triassic-Jurassic foreland sedimentary rocks surrounding the Hong'an-Dabie. They showed that the Hong'an-Dabie was the dominant sediment source, and they found two Triassic zircons and a few high-Si phengites in the Mesozoic sedimentary rocks. On this basis, they tentatively suggested that UHP rocks in the Dabie may have been exposed as early as the Middle Jurassic .
Cenozoic tectonic activity in the Dabie Shan has been inferred from geomorphic and kinematic evidence of Tertiary motion along large strike-slip and normal faults surrounding it and the Qinling Shan to the west (Peltzer and others, 1985; Ratschbacher and others, 2000) , as well as from fault-proximal basins filled by Tertiary sediments. Ratschbacher and others (2000) estimated a total Tertiary exhumation from the Dabie Shan Յ5 kilometers, which is similar to the depth of Eocene sediments in the proximal basins east of the Dabie Shan. Part of the significance of this potential Tertiary exhumation derives from the possible influence of far-field and regional Tertiary tectonic events on the Dabie Shan, such as the Indo-Asian collision to the southwest (for example, Molnar and Tapponnier, 1975; Grimmer and others, 2002) , strike-slip-dominated escape tectonics to the south (for example, Tapponnier and Molnar, 1977; Tapponnier and others, 1986) , and extensional deformation to the north (Peltzer and others, 1985) . The question of orogenic reactivation of the range over its Ͼ200 myr history may also provide insight into the relationships between long-term exhumation rates, multiple orogenic pulses, and UHP rock exhumation (Xue-Cheng and others, 2003) . Finally, the Cenozoic evolution of the Dabie Shan may also provide constraints on the problem of long-term maintenance of topographic relief in ancient orogens (for example, Pazzaglia and Brandon, 1996; Baldwin and others, 2003) .
The only previous low-temperature thermochronologic constraints on the Dabie Shan come from a recent apatite fission-track dating study by Grimmer and others (2002) of the eastern Dabie and adjacent foreland basin. The range of AFT ages reported is 42 to 158 Ma, but most samples have ages of 55 to 90 Ma, attributed to gradual cooling from mid-Cretaceous heating. Eight samples, most of which are from near the Tan-Lu fault on the eastern boundary of the range however, have AFT ages between 42 and 55 Ma. Grimmer and others (2002) interpreted this as evidence for Eocene reactivation of the Tan-Lu fault zone and exhumation in the eastern Dabie; possibly a far-field effect of the Indo-Asian collision. However, none of the track length models of any of the samples in that study clearly require increased cooling rates since the Cretaceous. Although Grimmer and others (2002) interpreted track length models of a small number of samples as suggesting increased cooling rates in the Eocene, constant cooling rates since at least the late Cretaceous (in most cases mid-Cretaceous) provide suitable "good-fit" models to all the track-length data. In the present study, although we identify spatially variable cooling and exhumation rates in the Dabie Shan, we find no clear evidence for temporal variations in cooling rates since the Cretaceous. Furthermore, even if temporal changes in cooling rates did occur in the Dabie Shan (and elsewhere), they could not be convincingly demonstrated by only regional ages from a single system. This requires either topographically-controlled vertical transects of ages, or ages from multiple systems with different closure temperatures, both of which are presented here.
methods and samples
We measured (U-Th)/He ages of apatite and zircon and fission-track ages of apatite in twenty-two individual samples from the Dabie Shan, although not all systems were measured on every sample. Numerous studies have established the utility of apatite (U-Th)/He dating, and its approximate closure temperature (for common cooling rates and crystal sizes) of 65°to 70°C (Wolf and others, 1996; Farley, 2000) . Similarly, the basis and utility of apatite fission-track dating are well established, as is the closure temperature of about 110°C, for typical apatite compositions and cooling rates (for example, Gallagher and others, 1998) .
Zircon (U-Th)/He thermochronometry has only recently been applied to tectonic studies, but both He diffusion experiments and age comparisons with other systems in slowly-cooled rocks suggest a closure temperature in the range of 160°to 200°C (Reiners and others, 2002) . In particular, comparisons between zircon He ages and cooling trends derived from multi-domain diffusion models of K-feldspar 40 Ar/
39
Ar dating support a zircon He closure temperature in this range (Kirby and others, 2002; Reiners and Spell, 2002; Reiners and others, unpublished data) . In this study, we assume diffusion characteristics for He in zircon and ZHe closure temperature based on recent diffusion experiments at Yale that are consistent with previous results (Reiners and others, 2002) ; and are described in detail in a forthcoming study (Reiners and others, unpublished data; a subset are also described in Reiners and Spell, 2002) . These step-heating experiments were performed on both rapidly cooled Cretaceous zircons with cooling and crystallization ages (100-150 Ma), U concentrations (ϳ100-eastern China, (U-Th)/He and fission-track thermochronology 400 ppm), and dimensions (50-60 m tetragonal prism radii) similar to Dabie Shan zircons of this study, as well as on interior fragments of undamaged gem-quality zircons. Results from both types of specimens are essentially the same and indicate an activation energy (E a ) of 40 Ϯ 1 kcal/mol, and a frequency factor (D 0 ) of 0.6 cm 2 /s for He diffusion in zircon. These characteristics yield a closure temperature of 180°C for cooling rate of 10°C/myr and crystal size of 60 m. Therefore, in subsequent interpretations requiring assumptions of zircon (U-Th)/He closure temperature, we assume a nominal closure temperature of 180°Ϯ 20°C for ZHe.
Our samples ( fig. 1 ) were collected from elevations between 32 and 1730 meters above sea level in the Dabie Shan, encompassing the full range of relief. Most samples were collected to provide broad areal coverage, but six samples were collected in a ϳ1.4-kilometer vertical transect (over a horizontal distance of ϳ5-6 km) from near the center of the range where the relief is highest. Most samples are from Cretaceous granitic and orthogneissic rocks originally emplaced or metamorphosed at ϳ12-25 kilometers depth. The remaining samples were collected from Carboniferous metasandstone (sample DB15), and Jurassic or Cretaceous sandstones (samples DB12, DB30, DB32). All ages reported here are interpreted as cooling ages of bedrock from which the samples were derived. Stratigraphic reconstructions suggest that the Jurassic/ Cretaceous sandstones were buried beneath approximately 6 kilometers of sedimentary rocks (Xue and Jin, 2001) , so even ZHe ages of these samples probably represent in-situ cooling ages, rather than unreset or partially reset cooling ages of their source(s).
results
In the following discussions, we distinguish between samples from the flanks of the range and core of the range ( fig. 1) , by referring to samples as either range-flanks, or range-core samples. Although this spatial classification coincides roughly with the geographic location of samples with respect to the mean topographic center of the Dabie Shan (and range-core samples are from areas with 50-km-averaged mean elevations Ͼ300 m, except for samples DB21 and DB27), the distinction between range-flank and range-core is made primarily on the basis of ages, not structural or rigorous topographic differences between the central and outer part of the Dabie.
ZHe ages throughout the orogen (table 1) are 76 to 155 Ma, and show an overall increase in age with distance from the center of the range ( fig. 2) . ZHe ages from range-flank samples are 114 to 155 Ma (with one exception at 88 Ma), whereas those from the range-core are 76 to 115 Ma (figs. 2 and 3). The oldest ZHe age, equal to 155 Ma is found in the northwestern corner of the range, even though in the cross-range transect it appears to be close to the range-core ( fig. 2 ). ZHe ages in the vertical transect in the range-core increase from 76 Ma at 388 meters, to 112 Ma at 1730 meters, but the four highest samples (860 to 1730 m) are indistinguishable within error at 110 to 112 Ma. Below 860 meters, ZHe ages decrease rapidly with elevation, with a slope of 0.015 (ϩ0.002/-0.003, 2) km/myr (R 2 ϭ 0.95) ( fig. 3 ). Slopes of age-elevation relationships for ZHe and other systems were estimated using weighted regression with the cooling ages as the dependent variable and the weights set using the errors for the ages. The estimated slope and uncertainties were then inverted to give the estimated exhumation rate and uncertainties.
AFT ages range from 44 to 86 Ma throughout the orogen (table 2) . There are too few AFT data to resolve the flanks-to-core younging seen in the ZHe and AHe. The oldest AFT age (86 Ma) is from the most distal sample, in the far northwest corner of the range, which also has the oldest ZHe age (155 Ma). AFT ages increase with elevation in the vertical transect, from 44 to 73 Ma (except for the uppermost two samples, which decrease from 73 and 70 Ma with height), with a slope of 0.048 (ϩ0.007/-0.009) km/myr (R 2 ϭ 0.92). Ar cooling models for Dabie Shan samples indicate final cooling through ϳ200°C at ϳ90 to 150 Ma (Hacker and others, 2000; Ratschbacher and others, 2000) , with some samples from Hong'an Shan west of the Dabie Shan indicating younger ages of 75 to 85 Ma (Webb and others, 1999) . Our ZHe ages of 76 to 155 Ma are broadly consistent with these results, given a ZHe closure temperature of 180°Ϯ 20°C (Reiners and others, 2002; Reiners and Spell, 2002) . The overall increase in ZHe ages away from the center of the range is also similar to previous observations of roughly concentric patterns in apparent reheating ages (above about 200°C) from K-feldspar thermochronometry, and inferred depths of exhumation (Hacker and others, 1996) .
The concentric pattern of K-feldspar cooling ages has been interpreted as resulting from a mid-Cretaceous thermal dome with the ϳ200°C isotherm oblique to the present-day exposure level (Ratschbacher and others, 2000) . To produce the spatial-temporal pattern observed in both the K-feldspar Ar ages and ZHe ages, these isotherms would have to have migrated towards the core over ϳ50 myr, at ϳ2 km/myr. An alternative interpretation is that ages young towards the core simply because exhumation rates have been higher there. The flank-to-core exhumation rate gradient would have existed through most of the Cretaceous to produce the 75 to 155 Ma ZHe ages observed across the range, and perhaps into the Tertiary, to produce the similar pattern of roughly concentric AHe ages, from 24 to 66 Ma from core-to-flanks.
To evaluate the hypothesis that there is a large-scale gradient in exhumation rates across the range, we need to estimate local exhumation rates from the age of each sample. In principle, this means simply dividing the closure depths by the measured cooling ages. However, closure depth for each sample is itself a function of exhumation rate, even in steady-state, since closure temperature is function of cooling rate. In addition, variations between measured ages are a function of not only differences in exhumation rates, but also differences in sample elevations with respect to the closure depth. One possible approach to account for these effects would be to first correct measured ages to those that would be observed at the mean local elevation (to account for differences in depth of the closure isotherm) using an assumed exhumation rate determined from the vertical transect (0.07 km/myr, or lower, as discussed below). Closure depth could also be determined from geotherms and cooling rates calculated from this assumed exhumation rate, and the ratio of closure depth to age would yield apparent local exhumation rate. This approach has the drawback of requiring an assumption of a single exhumation rate for samples suspected of having different exhumation rates. In addition, the apparent exhumation rate from the vertical transect is subject to some uncertainty because of short wavelength topographic effects, as described below.
Here we take an alternative approach, as outlined by Brandon and others (1998) , for converting observed cooling ages to exhumation rates (for detailed description see Appendix A of Brandon and others, 1998) . To estimate closure depth for each AHe age, we use a steady erosion model that relates closure temperature, depth, exhumation rate, and age as a function of the following parameters: pre-exhumational geothermal gradient (here assumed to be 20°or 25°C/km), thermal diffusivity (32 eastern China, (U-Th)/He and fission-track thermochronology Table 1 Apatite and zircon (U-Th)/He data Table 1 (continued) Note: Ft is alpha-ejection correction ; sg is single-grain analysis; mwar is mass-weighted average radius (or simply radius for single grains). eastern China, (U-Th)/He and fission-track thermochronology figure 1 , with He and fission-track ages (right y-axis) projected onto line B-BЈ. For the ZHe and AHe systems there is an overall decrease in cooling ages from flanks to core of the range. The most obvious exception to this is the oldest ZHe age (DB16); although this sample projects to near the core of the range, it is actually in the cluster of three ZHe samples far to the northwest of the core of the range seen in figure 1 , and is shown here in a smaller symbol to distinguish it from the other samples. B. AHe, ZHe, and AFT ages as a function of radial distance from center of the range. In both A and B, the age of samples in the vetical transect is shown as the average age, and white boxes represent total range of ages. Error bars on (U-Th)/He ages are 2, those on AFT ages are 1. 
eastern China, (U-Th)/He and fission-track thermochronology
km 2 /myr), depth to constant temperature (30 km), and mean annual surface temperature (15°C) ( fig. 4 ). For these calculations we also use He diffusion characteristics of apatite from Farley (2000) , and an apatite radius of 60 microns (average for these samples). Values for geothermal gradient and thermal diffusivity are based on regional heat flow ranges from Hu and others (2000) and assumed thermal conductivity of ϳ2.5 W/mK, and are typical of many postorogenic continental settings and crustal rocks, respectively. The depth to constant temperature is roughly that of the Moho under the Dabie (30-35 km; Kern and others, 1999; Schmid and others, 2001; Xue-Cheng and others, 2003) , and the surface temperature is a regional estimate for low-to intermediateelevation regions of the Dabie. Since exhumation has probably been ongoing since at least the Cretaceous in the Dabie, it is difficult to identify a true pre-exhumational geothermal gradient. But this is not important here because post-Cretaceous exhumation rates are too slow to cause significant geothermal gradient variations with time. In other words, for the slow exhumation rates inferred from these data, the preexhumational and syn-exhumational geothermal gradients are essentially identical. Finally, this model requires the assumption of constant exhumation rate in a given location since movement of the sample through the closure depth. As shown in a subsequent section, interchronometer age differences, and age-elevation relationships in the vertical transect support the validity of this assumption.
Inferred AHe closure depths for samples in this study range from 1.63 to 1.85 kilometers for a geothermal gradient of 20°C/km, and 1.30 to 1.49 kilometers for a geothermal gradient of 25°C/km. These correspond to closure temperatures of 52°to 55°C, significantly lower than the typically cited nominal closure temperature for the AHe system (65°-70°C; Farley, 2000) , because of the slow exhumation rates inferred from relatively old ages. This illustrates that simple assumptions of 65°to 70°C closure Fig. 4 . Cartoon outlining method of calculating steady exhumation rates from AHe ages collected at different elevations in a mountain range with a long-wavelength (ϳ200 km) topographic profile. ZЈ c is the nominal depth to the closure isotherm, which, over long wavelengths (Ͼϳ50 km), is parallel to the mean elevation of the mountain range h m at any location. We used the method of Brandon and others (1998) to calculate effective closure temperatures and depths from observed AHe ages, assuming steady erosion rates. For these samples, the closure isotherm is about 52-55°C, which lies at about 1.3-1.9 km depth (for pre-exhumational geothermal gradients between 20-25°C and a mean annual surface temperature of 15°C). Samples are collected at different elevations h, so the effective vertical distance a sample has traveled since closure (total exhumation since closure) Z c , is: Z c ϭ ZЈ c ϩ (h -h m ). Elevation-and topography-corrected apparent exhumation rates for each sample ( fig. 5 ) are then the ratio of Z c and observed age.
temperatures and ϳ2 to 3 km closure depths for the AHe system can be 25 to 50 percent (or more) too high for slowly-cooled settings, even for typical geothermal gradients and crystal sizes such as these.
Because samples were collected at different elevations relative to the mean elevation of the long-wavelength topography, an elevation correction must be added to these inferred closure depths to derive total exhumation depths. Total exhumation for each sample is thus closure depth plus the difference between the sample collection elevation and the mean elevation (for a 10-km circle; see fig. 1C ) of the sample collection region (fig. 4 ). Model exhumation rates for each sample are then the elevation-corrected closure depth divided by age. This steady-state model used to convert the AHe ages to exhumation rates does not correct for closure depth variations caused by topography with wavelengths shorter than that used to calculate mean topography (10 km). As shown in a subsequent section, for slow cooling rates such as these, two-dimensional topography with wavelengths less than 10 kilometers could potentially produce closure depth variations as high as 20 to 25 percent of the topographic relief within a 10 kilometer circle. With the exception of the verticaltransect samples, local (Ͻ10-km) topography around each of the samples in this study is less than ϳ500 meters, so the maximum variation of closure depth due to Ͻ10 kilometers wavelength topography would be about 125 meters, which is about 7 to 10 percent of the inferred closure depth discussed in the previous paragraph. Thus the fact that our model calculation here ignores the influence of short-wavelength topography may introduce errors in the estimated exhumation rates of about 7 to 10 percent. Moreover, this is a maximum error, because in general, real 3-D topography will not deflect topography as strongly as predicted by model calculations using 2-D topography.
Model exhumation rates determined from AHe ages of each sample using this method are shown in figure 5 as a function of distance across the range from SW to NE. Assuming a geothermal gradient of 20°C/km, rates increase from 0.025 to 0.058 km/myr from flanks to core, and assuming a gradient of 25°C/km, rates increase from about 0.020 to 0.047 km/myr. These data can be interpreted as a large (factor of 2-3) difference in long-term, Tertiary exhumation rates across the Dabie Shan, with the highest exhumation rates in the center of the range.
An alternative explanation for higher model exhumation rates in the core of the range is a recent increase in exhumation rates in the core of the range relative to the flanks, rather than a long-term difference across the range. This amounts to a decrease in the long-wavelength topographic relief of the range, as envisioned in models of Braun (2002a Braun ( , 2002b . Several features of our data lead us to favor a model of spatially-varying but temporally-constant exhumation rates instead of a model of recent exhumation change in the core (recent-relief-reduction). First, we show in a subsequent section that the age-elevation relationship of the vertical transect in the range-core suggests a near-constant exhumation rate in this location since the Cretaceous through at least the mid-Tertiary, at a rate that is consistent with rates determined for other samples in the core of the range. Furthermore, extrapolation of this AHe age-elevation relationship in the vertical transect yields a zero-age intercept at a depth of ϳ1.2 kilometers below sea level. Adding the 0.7 kilometer mean elevation of the vertical transect to this yields the mean depth below the earth's surface for the zero-age intercept for the AHe system: 1.9 kilometers. This depth is precisely the inferred depth of closure for a steady exhumation rate of 0.06 km/myr, geothermal gradient of 20°C/km, and AHe age of 32 Ma (the average at the mean elevation of the vertical transect), suggesting steady exhumation has prevailed to the present. Second, the relief-reduction model would imply that exhumation rates across the range were constant until sometime after ϳ24 Ma, at which time the core of the range began Ma) corresponding to the age of the regression through the vertical transect AHe data at the mean elevation of that location (0.8 km). This location is the highest apparent exhumation rate in the range (0.058 km/myr for a geothermal gradient of 20°C/km, or 0.047 km/myr for a geothermal gradient of 25°C/km). Note that this is slower than the apparent exhumation rate from regression of the AER through the vertical transect itself (0.07 km/myr), although it is similar to the topography-corrected exhumation rate of 0.044-0.049 km/myr ( fig. 7 ; see text for discussion). There is an overall increase in apparent exhumation rates from the flanks to core of the range, over a factor of about two to three. exhuming several times faster than the flanks. This implies significantly higher topographic relief yet constant exhumation rates across the Dabie Shan prior to the ϳ24 Ma, counter to expectations that a decaying mountain range would erode faster in the high-elevation and high-relief regions. Finally, although not as clear as for AHe, the ZHe system also shows a similar flanks-to-core age variation, and there is a suggestion of such a trend for the AFT system as well. This spatial gradient in exhumation rates for the ZHe system could not be produced by a recent decrease in relief, since differences in ZHe ages are set much deeper than AHe (ϳ6-8 km as opposed to ϳ1.5-2.0 km), and would require unreasonable extents and rates of recent exhumation, especially if restricted to more recently than 24 Ma. Thus we contend that the cross-range age gradient in ZHe may also be due to a long-term exhumation rate gradient, though we cannot apply a rigorous quantitative steady exhumation rate model to the ZHe ages because of the evidence for rapidly changing cooling rates at 90 to 120 Ma.
At least one testable prediction of our model for a long-term exhumation rate gradient across the Dabie Shan is that vertical transects on the flanks of the range should show not only older AHe ages, but also lower slopes of age-elevation relationships. It would be more difficult to collect long vertical transects in range-flank regions, because of their generally low relief, but shorter transects may be possible.
In summary, the spatial variation in AHe ages across the Dabie Shan reflects variation in long-term exhumation rates across the range, with the range-core eroding at a rate 2 to 3 times faster than the range-flanks, throughout the Tertiary, and possibly since the Cretaceous. Although it may be expected that the cores of post-orogenic mountain ranges would be eroding faster than the flanks, if topography is indeed decaying, we know of few if any observations such as these that have actually quantified the phenomenon.
Age-Elevation Relationships and Exhumation Rates
Whereas spatial variations in exhumation rates reflect different cooling ages across the range, temporal variations in exhumation rate are recorded in the ageelevation relationship (AER) of the vertical transect in the core of the range. To a first order, slopes of the AER for each thermochronometer record the vertical velocity of samples relative to the relevant closure isotherm. Deriving robust estimates of exhumation rates through time from these AERs, however, requires an assessment of the degree to which closure isotherm depths were spatially or temporally variable during exhumation, primarily because of potential complications from advective or topographic effects.
Outside of magmatic effects (no magmatic rocks younger than ϳ125 Ma are known from the Dabie Shan), the most commonly cited potential cause of temporal variations in geothermal gradients is high and transient exhumation rates. Thermal transients can be safely ignored however, if they arise from transients in exhumation rates that are less than about 0.1 mm/yr (Peclet number ϳ0.2). With the exception of the near-vertical upper part of the ZHe AER, the highest exhumation rate from the Dabie Shan AERs is several times lower than this, suggesting dominantly conductive control on heat transfer in the shallow crust since about 110 Ma.
A more important issue with the interpretation of AER slopes is topographic bending of near surface isotherms (Stüwe and others, 1994; Mancktelow and Grasemann, 1997; House and others, 1998, 2001; Stüwe and Hintermüller, 2000; Ehlers and others, 2001; Braun, 2002a Braun, , 2002b Ehlers and Farley, 2003) . Thermal gradients at temperatures below about 100°C in the upper crust can be significantly increased under valleys and depressed under ridges. This can lead to overestimation of exhumation rates from AERs because of the depth difference between thermochronometric closure of samples emerging at different elevations. Potential overestimation of exhumation rates from "vertical" transects is most significant for those thermochronom-eters with the lowest closure temperature, and for long wavelength topography (for example, Stü we and others, 1994).
The effect of topographic bending of isotherms in the upper crust is widely recognized (for example, Turcotte and Schubert, 1982) , and has been used to provide minimum ages of topography and the evolution of paleorelief (House and others, 1998, 2001; Braun, 2002a Braun, , 2002b . More commonly, topographic effects are considered because of their complicating effects on interpretations of exhumation rates from low-temperature thermochronometric data. Two-and three-dimensional thermal models have also been devised to quantify such topographic influences (Stüwe and others, 1994; Mancktelow and Grasemann, 1997; Stüwe and Hintermüller, 2000; Ehlers and others, 2001; House and others, 1998, 2001; Braun, 2002a Braun, , 2002b Ehlers and Farley, 2003) .
Here we address a common problem related to topographic effects on ageelevation data in vertical transects, without involving sophisticated thermal models. There are essentially two questions: 1) if a vertical transect is collected over a given topographic profile with a characteristic wavelength, how much are closure isotherms bent by this topography, and 2) how much does this bending affect the apparent rate of exhumation from the AER? Stüwe and others (1994) addressed these questions for a variety of specific cases, including the effects of erosional exhumation, with an emphasis on the AFT system. We take a simplified approach, using a 2-D model of steady-state temperature distribution in the shallow crust underlying periodic topography of various wavelengths, following the methods of Turcotte and Schubert (1982, 2002, eqs 4-66) and Mancktelow and Grasemann (1997, eqs 25 and 26) . Our model does not include the effects of erosional exhumation on crustal thermal structure because the very low Peclet numbers (ϳ0.05-0.10) for these low exhumation rates would not significantly perturb isotherms from the static case.
We calculated the depth of 50°to 100°C isotherms beneath periodic topographic highs and lows (ridges and valleys), and then calculated the ratio of relief on these isotherms to relief of the topography, called the admittance ratio, ␣ (Braun, 2002a) . Braun introduced the admittance ratio in the context of a spectral analysis method for inverting low-T thermochronometric ages for changes in paleorelief (2002a); here we follow his notation but instead focus on the use of ␣ for correcting topographic effects on age-elevation relationships. For an isotherm of a given temperature, ␣ is a function of topographic wavelength, and is essentially zero at short wavelengths. Figure 6B shows this for the 50°to 100°C isotherms: at short wavelengths (Ͻϳ 5 km for 50-100°C), isotherms for temperatures above ϳ50°C are essentially flat and unperturbed by topography (␣ ϳ 0). At long wavelengths, they are strongly bent by topography and follow it closely (␣ ϳ0.5-0.8). In this example, ␣ reaches a maximum value of ϳ0.8, regardless of temperature or wavelength, because of surface temperature differences in valley and ridge locations (atmospheric lapse rate ϭ ␤; if ␤ ϭ 0, ␣ 3 1 at high wavelengths).
Examining the bending of isotherms by topography in this way has the advantage that the ␣ is only slightly dependent on topographic amplitude (relief). At the relief in the region near the vertical transect in the Dabie Shan (ϳ0.7 km, or one-half the distance from valley bottom to ridge top), topographic relief has a negligible effect on ␣ at any wavelength. Thus figure 6B provides a convenient measure of how much an isotherm of interest (that is, a closure isotherm) is bent under topography of a specific wavelength of interest, regardless of topographic relief. For the present problem of evaluating the effect of topography on the AER of the AHe system in our vertical transect then, we need estimates for the temperature of the closure isotherm, as well as the wavelength of topography. Fig. 6 . A. Schematic illustration of the topographic influence on isotherms under a "vertical" transect used for constraining exhumation rates from thermochronometric ages. Samples are collected over /2, and relief of 2h 0 . Note that we specify 2h 0 as the full topographic relief (rather than h 0 , as some papers use); thus h 0 is amplitude of topographic relief, in agreement with typical use of the term in the context of a sine or cosine wave. Measured from a reference (mean) elevation (y ϭ 0), the depth to the closure isotherm is greater under valleys (Z v ) than under ridges (Z r ). This difference decreases with depth and higher temperature isotherms, or, for a given temperature isotherm, with decreasing . For the vertical transect of samples in the core of the Dabie Shan, ϭ 12 km and h 0 ϭ 0.70 km (see text for discussion). B. The admittance ratio ␣, as a function of topographic wavelength. ␣ is the ratio of relief on an isotherm to relief on As shown above, assuming geothermal gradients of about 20°to 25°C and steady cooling, Tertiary exhumation rates for the range-core of the Dabie Shan are in the range of 0.05 to 0.07 km/myr. For the crystal sizes of these samples, this means that closure temperatures, and therefore closure isotherms of interest, are in the range of ϳ50°to 55°C. We approximate the topographic wavelength and amplitude for the vertical transect as those along the sampling transect, which is oriented approximately orthogonal to topographic grain. Although the real topography in the vicinity of the vertical transect is far from periodic infinite valleys and ridges, the transect was collected over a distance of about 6 kilometers, from the lowest point in a valley to the highest point at the top of a roughly symmetric peak with a general elongation to the northeast and southwest ( fig. 1) . Because the samples capture the entire range of elevation in this topography, we assume that the appropriate topographic wavelength for this problem is 12 kilometers (2 times the horizontal distance between lowest and highest samples). Figure 6B shows that for a topographic wavelength of 12 kilometers, 50°to 55°C isotherms will be deflected beneath a 2-D valley and ridge by about 30 to 37 percent of the topographic relief (that is, ␣ ϭ 0.30-0.37). It should be noted that this ␣ estimate is based on a 2-D representation of topography, whereas real 3-D topography may be important to consider, especially in the absence of long parallel ridges (Stüwe and others, 1994; Stüwe and Hintermüller, 2000) . In our case, assuming 2-D topography probably leads to overestimation of ␣, since the topography of the vertical transect is not an infinite ridge and is in fact more like a single peak, which has less isotherm bending "power." Thus this analysis provides a useful estimate of the likely maximum ␣, or maximum deflection of the closure isotherm under the topography of the vertical transect.
The next question we address is how much this admittance ratio (␣) affects the apparent exhumation rate inferred from the AER of a vertical transect collected over this topography. Stüwe and others (1994) noted that the apparent exhumation rate from a vertical transect, can be simply related to the "model" exhumation rate (assuming steady-state and other conditions are also satisfied) by the relative amplitudes of topography and isotherms. Their analysis used a slightly different convention however, in which isotherm depth at any point was measured from the lowest point in the topography. If isotherm depth is instead measured from a reference height of local mean elevation, as in the Turcotte and Schubert (1982, 2002) and Mancktelow and Grasemann (1997) models, then "model" exhumation rate U r , is equal to apparent exhumation rate U a , multiplied by (1-␣) (Braun, 2002a) . This is the same result as that of Stüwe and others (1994) , but the convenient correction factor for exhumation rates from vertical transects is more easily obtained by this approach, because ␣ is largely independent of topographic relief. In our case, for ␣ ϭ 0.30-0.37, and ϭ 12 km, we find that model exhumation rate as measured by AHe ages for the vertical transect in its overlying topography, ␣ ϭ (Z v -Z r )/2h 0 . For isotherms of about 50-70°C, topographic wavelengths greater than about 5 km produce significant relief on isotherms at depth and thus significantly influence apparent exhumation rates from AER of "vertical" transects. ␣ does not exceed ϳ0.8 for any topographic wavelength in this example because of the effect of atmospheric lapse rate (4.5 K/km) on surface temperature differences beneath valleys and ridges (mean annual surface temperature is assumed to be 15°C in this example). Parameters used for these calculations are: surface radiogenic heat production: 1 W m . C. The function (1-␣), as a function of isotherm temperature.
(1-␣) is the factor applied to apparent exhumation rates U a , to derive "real" exhumation rates U r , from vertical transects to correct for topographic effects on isotherm depths (also see Braun, 2002a) . This is the same as Stü we and others's (1994) U r ϭ U a (⌬z/h), but (1-␣) is largely independent of topographic relief. For the case of ϭ 12 km, and closure isotherm ϭ 52-55°C, (1-␣) is ϳ0.63-0.70. So the exhumation rate derived from the vertical transect in the core of the Dabie Shan is ϳ0.67 x (0.070 km/myr), or ϳ 0.047 km/myr. the core of the Dabie Shan is 0.63 to 0.70 times the apparent exhumation rate ( fig. 6C ). Thus the apparent exhumation rate since the mid-Eocene of 0.070 km/myr becomes a model exhumation rate of about 0.044 to 0.049 km/myr. This shows that apparent exhumation rates calculated from AHe vertical transects collected over distances as short as 6 kilometers could potentially require corrections as large as 30 to 40 percent.
We emphasize that the ␣ estimated here is likely to be a maximum, because of 3-D topographic effects, so the model exhumation rate indicated by the AHe AER can be thought of as bracketed by a minimum of 0.05 km/myr (for maximum ␣) and maximum of 0.07 km/myr (␣ ϭ 0). Even with this maximum topographic correction however, the model exhumation rate from the vertical transect in the range-core is about 2 to 2.5 times faster than the exhumation rates estimated for the flanks of the range from steady-rate models discussed above. Finally, although it is well known that high exhumation rates can increase the topographic effect on AERs (for example, Stü we and others, 1994; Mancktelow and Grasemann, 1997) as isotherms are "pushed" higher into the topography, this exercise shows that extremely slow exhumation rates can also enhance topographic effects on AERs, for a different reason. In such cases, slow cooling rates significantly decrease closure temperatures of minerals of interest, meaning effective closure isotherms are closer to the surface and more strongly affected by topography.
As suggested in figure 6 , for a given topographic wavelength, apparent exhumation rates from AFT data in vertical transects are not as strongly affected by topography as rates from AHe data. For our case of 12 kilometers wavelength, the maximum ␣ for a closure isotherm of about 100°C is less than about 0.1, so the apparent exhumation rate from AFT data in the vertical transect would be within 10 percent of that of the model exhumation rate, or ϳ0.042 to 0.047 km/myr since 44 to 70 Ma.
The topographic bending effect of 12 kilometers wavelength topography on the depth of the ϳ180°C isotherm is less than 5 percent ( fig. 6C) , so apparent exhumation rates from the ZHe data are not significantly affected by topography of the transect. However, as discussed above, the extremely rapid cooling before ϳ110 Ma implied by the essentially vertical AER for ZHe in the upper part of the vertical transect is difficult to relate directly to exhumation rates. Although this part of the transect could be interpreted as exhumation rates of at least 0.5 km/myr, it is quite possible that rates that fast, as well as previous events in the well-documented high-temperature Cretaceous orogeny, led to highly transient thermal effects, such as thermal relaxation following rapid exhumation, that prohibit accurate exhumation rate inferences. Subsequent to this rapid Cretaceous cooling (and perhaps rapid exhumation) however, cooling rates decreased, as the lower part of the ZHe AER and the AFT AER imply exhumation rates of only 0.015 and 0.048 km/myr, respectively.
Reconstructed Multi-Chronometer AER
To better constrain the timing and magnitude of exhumation rate changes in the core of the Dabie Shan, we constructed a composite vertical pseudo-transect using data from all three thermochronometers. Elevations of the AFT and ZHe ages were increased by an amount proportional to the difference between their closure temperatures and that of the AHe system. We used values based on estimates above, which give closure temperature differences of 40°C for AFT-AHe and 110°C for ZHe-AHe, and a geothermal gradient of 25°C/km to convert temperature to depth. This procedure allows all ages to be considered as representing cooling through the same closure temperature and closure depth (in effect, the same chronometer). As long as the thermal profile has remained stable since ϳ100 Ma, which is reasonable over the range of exhumation rates suggested by these data, this method does not depend on the actual closure temperatures of each system-only their differences. In this case, the reconstructed pseudo-AER provides an exhumational history for the Dabie Shan analogous to that of ϳ5 to 6 kilometers vertical transect for a single chronometer ( fig. 7) .
The vertical pseudo-AER ( fig. 7) shows a pattern similar to that in many exhumed crustal sections (for example, Fitzgerald and others, 1995) . Ages at the top of the section are nearly invariant with elevation, suggesting a pulse of rapid exhumation sometime before ϳ100 Ma, preserved in the structurally highest, or in this case, highest-temperature, samples of the range-core. At lower elevations, ages decrease strongly with decreasing elevation, suggesting lower exhumation rates after ϳ100 Ma. It is difficult to discern changes in slope in younger-aged samples in this plot, although it could be qualitatively suggested from figure 7 that there is a higher slope in the multichronometer trend (and therefore possibly an increased exhumation rate) between about 60 to 80 Ma, followed by slower rates through 25 to 30 Ma. More quantitative estimates of exhumation rate changes in this time require modeling approaches discussed below.
Model Long-Term Cooling and Exhumation Histories
Model cooling and exhumation rates through time in the Dabie Shan can be constrained more quantitatively by forward modeling (U-Th)/He and fission-track age evolution, for samples in the vertical transect, for time-temperature paths resulting from various exhumation histories. This can be done by essentially guessing an initial thermal history, and therefore exhumational history (assuming constant geothermal Fig. 7 . Composite vertical pseudo-transect constructed from ages of all three chronometers, with elevations corrected in proportion to closure temperature difference with AHe. A geothermal gradient of 25°C/km was assumed. Closure temperature differences were assumed to be 40°C for AHe-AFT and 110°C for AHe-ZHe. Samples from the range flanks are shown as small symbols. The overall pattern of the composite pseudo-transect suggests a period of rapid cooling at about 110 Ma, followed by slower and relatively constant rates until at least 24 Ma, with possible minor changes. Symbols as in figure 2. Error bars on (U-Th)/He ages are 2, those on AFT ages are 1.
gradients of 20-30°C), that yields a predicted age close to the observed age for the shallowest sample. This then predicts fixed cooling and exhumational histories for all other samples in the transect, as we assume that relative sample depths were constant and equivalent to modern elevation differences through time. Thermal/exhumational histories are then adjusted to produce a "best-fit" thermal history with good correspondence between observed and predicted ages for all systems at all elevations.
Regardless of regional exhumation rate, samples in the vertical transect cooled at different rates during exhumation through the upper 1 to 3 kilometers because of topographic bending of isotherms. Thus in order to avoid spurious effects in the model age trends for the lowest temperature systems (AHe and AFT), and to account for topographic effects in the final stage of cooling, the low-elevation samples must cool faster, and high-elevation samples slower. This effect is lessened to some degree by the atmospheric temperature lapse rate, which causes cooler present-day temperatures at higher elevation samples. We have combined these effects to account for both cooling through topography, and lapse rate, by assuming a final temperature of 15°C, less lapse rate (6 K/km) times elevation.
For the thermal and exhumational history of each sample we modeled AFT ages using a fission-track production-annealing model (AFTSolv; Ketcham and others, 2000) incorporating kinetic annealing parameters, and AHe and ZHe ages using a He production-diffusion model (after Wolf and others, 1998 ). As no model currently solves the inverse problem for combined He and fission-track ages (and track-lengths, for the latter), we tested several dozen candidate thermal histories using both codes to produce a "best-fit" thermal/exhumational history. Figure 8 shows best-fit thermal histories and predicted ages for three coolinghistory models, all involving cooling of a 1.4 kilometer vertical section of crust analogous to that of the vertical transect in the core of the range. All models share a common feature of relatively rapid cooling prior to 115 Ma, modeled here as 8°to 13°C/myr, or an exhumation rate of about 0.3 to 0.5 km/myr, although this model is not sensitive to this rate, and values several times higher could also satisfy the data. The ages and AERs of the AFT and AHe samples, as well as those of the lower elevation ZHe samples, are more sensitive to cooling rates subsequent to 115 Ma.
The first model (first row of fig. 8 ) shows that overall distribution of ages and AERs for all samples can be reproduced quite well by assuming constant exhumation rates (0.06 Ϯ 0.01 km/myr) since 115 Ma. The only predicted ages falling more than 2 outside of measured ages for this model are in the ZHe system ( fig. 8C) . The constant rate model fails to predict the strong curvature in the lower-elevation part of the ZHe AER. If model exhumation rates are strongly decreased after 115 Ma (that is, following the Cretaceous orogenic event) to until ϳ60 to 80 Ma, the curvature of the ZHe AER can be matched more precisely, as shown in the second and third rows of figure 8. Matching the inflection in the low elevation part of the ZHe AER requires holding exhumation close to zero until ϳ60 Ma (second row of fig. 8 ), when it increases to 0.12 to 0.19 km/myr until 40 Ma, and then decreases again until the present, at rates of 0.06 Ϯ 0.01 km/myr as in the first model. This model provides a good fit for all data except for some of the higher elevation AFT ages, which are underpredicted by 12 to 22 myr. The fit to these AFT ages can be improved by invoking very slow exhumation rates from 80 to 60 Ma (0.01-0.02 km/myr), and a higher rate (0.06-0.09 km/myr) between 80 to 40 Ma, before returning to rates of 0.06 Ϯ 0.01 km/myr since 40 Ma.
The most important general result of these forward models is that although small changes in exhumation rates after about 115 Ma can reproduce some minor features of the AERs from the core of the Dabie, models that invoke changing exhumation rates do not significantly improve the overall fit of predicted to observed ages relative to a constant rate model. Aside from evidence in the lower ZHe AER for relatively slow Fig. 8 . Model thermal histories, exhumation rates, and predicted versus observed (U-Th)/He and fission-track ages for samples from the range-core vertical transect. Each row of plots represents thermal histories, exhumation rates, and predicted ages for a different exhumation model (see below, and text for discussion). A. Model thermal histories (solid lines and left y-axis) for samples of the range-core vertical transect, and corresponding exhumation rates (dashed line and right y-axis). Three different exhumation rates are shown in each model thermal history, corresponding to geothermal gradients of 20°, 25°, and 30°C/km (the highest rate at any time corresponds to the lowest geothermal gradient). Exhumation rates are calculated based on the thermal history of the sample with a present elevation of 860 meters above sea level (close to mean elevation of the vertical transect and topography in this location), so that the late-stage exhumation rates are not significantly affected by topographic and lapse rate effects on the post-40-Ma part of the thermal history. These thermal histories were chosen to predict cooling ages of all three systems shown in B and C, using a He diffusion-production model (after Wolf and others, 1998) and AFTSolv (Ketcham and others, 2000) . Thermal histories prior to 115 Ma (the age of rapid cooling recorded by ZHe in the vertical transect) are poorly known, and could be significantly faster than shown here without affecting the predicted ZHe, AFT, and AHe ages shown in this model. This region of the plots in part A are shaded grey. B. Predicted ages (x's joined by black lines) and observed ages (other symbols) for samples from the vertical transect, for thermal histories shown in A. Fission-track production-annealing models use Dpar kinetic parameters measured on each sample (which are different for each sample, thus non-constant slopes for AFT AERs), and He production-diffusion models use He diffusion parameters from Farley (2000) , apatite radius of 60 m (average for these samples), and incorporate the effects of alpha ejection. C. Composite vertical pseudo-transect showing predicted versus observed ages of all chronometers (see text and fig. 6 caption for details of pseudo-transect construction). Error bars on (U-Th)/He ages are 2, those on AFT ages are 1. The first row of model results represents a thermal history of a constant cooling and exhumation rate (0.06 Ϯ 0.01 km/myr) since 115 Ma. The second row represents constant temperature and no exhumation from 115-60 Ma, followed by relatively rapid cooling and exhumation (0.10-0.20 km/myr) from 60-40 Ma, and slow cooling and exhumation (0.06 Ϯ 0.01 km/myr) until present. The third row is similar to the second model, except that 115 to 60 Ma cooling and exhumation rates are low (0.01-0.02 km/myr) but not zero, and 60 to 40 Ma rates are lower (0.06-0.09 km/myr). The first model (constant rates) is designed to illustrate the plausibility of a constant exhumation rate in reproducing the He and FT ages of the core of the Dabie Shan. The second model seeks primarily to match the inflection at low elevation in the ZHe AER by holding temperatures constant in the ZHe partial retention zone until 60 Ma, but this model underpredicts some of the high-elevation AFT ages. The third model seeks to improve the fit to the high-elevation AFT ages by allowing earlier cooling, but in doing so does not reproduce the youngest ZHe age at low elevation. cooling immediately following high cooling rates of the mid-Cretaceous, there is little compelling evidence for exhumation rate changes after 115 Ma except perhaps modestly increased rates between 80 to 40 or 60 to 40 Ma ( fig. 8A , two lower models). However, even in these models, exhumation rates of 0.06 Ϯ 0.01 km/myr since ϳ40 Ma provide the best-fit to the AHe and AFT data ( fig. 8) .
The possible increased exhumation rates in the late Cretaceous through early Tertiary suggested by two of the models are consistent with a Dabie source for much of the 4.8 kilometers of sediment filling early Tertiary basins around the Dabie, as well as evidence for Tertiary faulting in the area (Peltzer and others, 1985; Ratschbacher and others, 2000) . One potential cause for increased exhumation rates beginning ϳ50 Ma is far-field deformation from the Indo-Asian collision, ϳ1500 to 2000 kilometers to the west-southwest, as suggested by Grimmer and others (2002) . However, at least one other study has noted that not all Late Cretaceous-Early Tertiary tectonic activity in southeast Asia is necessarily attributable to the Indo-Asian collision, but may instead be related to changes in Pacific-Eurasian plate motions at this time (Northrup and others, 1995) . In any case, even if late Cretaceous through early Tertiary exhumation rates were higher than following the mid-Cretaceous event (which is not clearly required; fig. 8 ), they were quite modest in magnitude compared with those in the midCretaceous (Ͻ 0.15 km/myr, compared with Ͼ0.5 km/myr).
More notable is the lack of evidence for an increase in exhumation rates beginning after 60 Ma. All three of the best-fit models in figure 8 involve either no change in exhumation rates, or a decrease in exhumation rates at 40 Ma. This contrasts with the interpretations of Grimmer and others (2002) , who suggested an increase in cooling rates at 45 Ϯ 10 Ma in the Dabie, based on several 40 to 55 Ma AFT ages. Although we observe a clustering of early to mid-Tertiary AHe ages in the core of the Dabie, by itself this does not constitute evidence for a discrete cooling or exhumation event at this time. In fact, relative AHe, AFT, and ZHe ages in the same samples, as well as AERs in the vertical transect of the core of the range, indicate relatively steady cooling and exhumation rates (ϳ1.6°C/myr, or 0.06 Ϯ 0.01 km/myr) in the core of the Dabie since the Cretaceous.
The Eocene AFT ages of Grimmer and others (2002) were found within ϳ10 to 35 kilometers of the Tan-Lu fault, on the eastern border of the Dabie Shan, leading them to suggest Cenozoic reactivation of the Tan-Lu fault as a cause for some unspecified amount of tectonic exhumation. Among our samples, the one closest to the Tan-Lu fault (ϳ20 km away; DB26) has the oldest AHe age among the range-core samples (36.7 Ma), aside from high-elevation samples of the vertical transect. Another nearby sample, 30 kilometers from the fault, also has an old AHe age, of 61.8 Ma. However, our sample locations are not well suited to addressing the question of younger ages towards the Tan-Lu fault, so we cannot rule out Tertiary tectonic exhumation at the eastern margin with any certainty.
Finally, the exhumational history of rocks in the core of the Dabie Shan can also be extended to the initial Triassic-Jurassic UHP metamorphism ( fig. 9 ). Moderately well-constrained depth-time data can be derived from 1) 120 to 140 kilometer estimates of UHP metamorphism and U/Pb and Ar/Ar ages on high-temperature assemblages (Hacker and others, 2000) , 2) Al-in-hornblende barometry (Ratschbacher and others, 2000) and zircon U/Pb ages (Hacker and others, 1998) on samples of the Cretaceous granites and orthogneisses, 3) assumptions of closure depths corresponding to cooling through inferred closure temperatures of 200°C for K-spar 40 Ar/ 39 Ar at 90 to 120 Ma (Ratschbacher and others, 2000) , and 4) cooling ages and closure depths of the (U-Th)/He and fission-track systems (this study). Figure 9 shows that although exhumation rates in the Late Triassic and Jurassic were at least ϳ1 km/myr, rates over the last ϳ100 myr have been at least 10 to 20 times slower, and no more than about 5 to Fig. 9 . Crustal depth as a function of age, for rocks in the core of the Dabie Shan. Triassic metamorphism is estimated as 120-140 km at 215-240 Ma (for example, Liou and others, 1996; Hacker and others, 1996; 2000) . "Cretaceous plutons" box outlines approximate emplacement depths (from Al-inhornblende; Ratschbacher and others, 2000) and crystallization ages (Hacker and others, 1998) of Cretaceous magmatic bodies in the core of the range. "Kspar Ar" is 90-120 Ma "reheating" event of Ratschbacher and others (2000) , interpreted as cooling through ϳ200°C at this time. (U-Th)/He and fission-track closure depths are taken from steady exhumation models discussed in text, assuming preexhumational geothermal gradients of 25°C; ages represent the ranges for each system observed in the core of the Dabie Shan (see figure 1) . Inset in A: instantaneous exhumation rate. Dashed lines are possible depth-age trajectories of range-core rocks. In B, depths corresponding to the 200°C and 180°C inferred closure temperatures of the K-feldspar 40 Ar/ 39 Ar ("Kspar Ar") and zircon He ("ZHe") are shown for a possible range of 25°-30°C, due to possible higher gradients following the Cretaceous orogenic event. Dashed lines in part B represent depth-time paths of constant exhumation rates of 0.05 and 0.07 km/myr since 120 Ma. These rates bracket the 0.06 Ϯ 0.01 km/myr exhumation rate for the range-core implied by best-fit model cooling paths shown in figure 8 , as well as model exhumation rates for individual samples in the range-core shown in figure 2. 8 kilometers of exhumation has occurred in the core of the Dabie Shan in the last 100 myr. Figure 9B also reinforces the interpretation that a constant exhumation rate of 0.06 Ϯ 0.01 km/myr can explain the apparent depth-time relationships of data with closure temperatures lower than about 200°C, or since ϳ100 Ma.
conclusion
Apatite and zircon (U-Th)/He ages from the Dabie Shan show cross-range age distributions consistent with a gradient in erosional exhumation rates between the range-flanks and range-core over the last ϳ100 Ma. Apatite He ages indicate average exhumation rates since the middle Tertiary were as low as 0.02 km/myr on the range flanks, to as high as 0.06 km/myr in the range core. We also used an admittance ratio model to correct the age-elevation relationship of apatite He ages in a vertical transect in the core of the range and derive model exhumation rates. These results indicate an exhumation rate as low as 0.05 km/myr and as high as 0.07 km/myr in the range core since the mid-Tertiary. Thermal modeling of the apatite He and zircon He ages and apatite fission-track ages in the range-core vertical transect also suggest a long-term exhumation rate of 0.06 Ϯ 0.01 km/myr, that may have been constant since as early as the mid-Cretaceous. Some details of the ZHe and AFT data suggest modestly increased exhumation rates in the Late Cretaceous through early Tertiary, but none of these data support an increase in exhumation rates later than about 60 Ma. Most of the ages in the Dabie Shan represent steady-rate exhumation ages, not exhumation rate changes due to discrete tectonic or erosional events. Finally, this study represents the first large-scale application of zircon (U-Th)/He thermochronometry to regional exhumation problems, and supports the efficacy of the technique for providing constraints on timing and rates of crustal exhumation through depths corresponding to temperatures greater than those of apatite fission-track, but less than those of K-feldspar Ar dating.
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(U-Th)/He Chronometry
Apatite and zircon (U-Th)/He ages were performed at Yale and Washington State Universities by both furnace and laser (both CO 2 and Nd-YAG) heating for He extraction, and both quadrupole and sector ICP-MS for U-Th determinations. All samples in the vertical transect (samples DB40-45 in table 1) were dated by single-grain, Nd-YAG laser heating and sector ICP-MS methods at Yale; procedures for other samples were similar.
Dated crystals were hand-picked from separates (see fission-track procedures) with high power (160x) stereo-zoom microscopes with cross-polarization for screening inclusions. Selected crystals were measured and digitally photographed in at least 2 different orientations, for alpha-ejection corrections. Crystals were loaded into 1-mm Pt foil tubes (in some cases, Mo was used for zircon), which were then loaded into copper or stainless steel sample planchets with 30 sample slots. Planchets were loaded into a ϳ10 centimeter laser cell with sapphire (or ZnS for the CO 2 laser) window, connected by high-vacuum flexhose to the He extraction/measurement line. Once in the laser cell and pumped to 10 -7 -10 -8 torr, crystal-bearing foil tubes were individually heated by lasing with about 1-5 W on the Nd-YAG, or 5-15 W on the CO 2 , laser, for three minutes for apatite or 20 minutes for zircon. Temperatures of heated foil packets were not measured, but
Apatite Fission-Track Chronometry
Apatite grains were mounted in epoxide resin cured at 90°C for 1 hour, and all grain mounts were polished using 3.0 m Al 2 O 3 and then 0.3 m Al 2 O 3 slurries on a polishing wheel to expose internal crystal surfaces. Grains were etched in 5.5N HNO 3 for 20.0 (Ϯ0.5) seconds at 21 (Ϯ1)°C to reveal spontaneous fission tracks. After spontaneous fission-track densities were measured for the apatite grains of interest, grains were irradiated with 252 Cf-derived fission fragments (Donelick and Miller, 1991 ) in a nominal vacuum and then re-etched in 5.5N HNO 3 for 20.0 (Ϯ0.5) seconds at 21 (Ϯ1)°C to reveal the 252 Cf-derived fission tracks and any spontaneous confined fission tracks. Length measurements were performed only on horizontal, confined, spontaneous fission tracks with well-defined ends lying in planes parallel to the crystallographic c-axis (all 252 Cf-derived fission tracks are incident upon the etched apatite surface and are therefore not confined within the grain). Measurements were performed using an optical microscope and a combination of reflected and unpolarized transmitted light at a magnification of 1562.5x (100x dry objective, 1.25x projection tube, and 12.5x oculars). Full details on the methods used are summarized in Donelick (1991) .
Apatite grains were classified according to their kinetics of fission-track annealing (the rate at which fission tracks are lost), inferred using parameter Dpar (units m). Dpar is the fission-track etch pit diameter parallel to the crystallographic c-axis at the polished, etched, and analyzed apatite surface (Crowley and others, 1991; Naeser, 1992; Donelick, 1993; Burtner and others, 1994; Grønlie and others, 1994; Donelick, 1995) . Dpar exhibits general but imperfect correlations with apatite fission-track annealing kinetics (Carlson and others, 1999; Ketcham and others, 1999) , and chemical composition (Burtner and others, 1994) , with small Dpar (2.00 m) grains typical of fast-annealing, Ca-F-apatite and large Dpar grains typical of slow-to fast-annealing Ca(ϮFe, Mn, rare earth elements)-F(ϮCl)(ϮOH)-apatite. Dpar is at least as reliable as Cl-or OH-content for constraining apatite fission-track annealing kinetics (Carlson and others, 1999; Donelick, unpublished data) . The parameter Dpar, calculated as the arithmetic mean of between 1 and 4 individual Dpar values per grain, was determined for each apatite grain that yielded either fission-track age data or track length data. Full details of the methods used are summarized in Burtner and others (1994) .
Fission-track ages were determined using the external detector method and all counting was performed using an optical microscope (details as in first paragraph of this section). Polished and etched grain mounts were covered by thin sheets of low-uranium muscovite mica prior to neutron irradiation; for purposes of standardization, similar sheets of muscovite were placed in direct contact with small chips of CN-1 U-doped glass (courtesy of Dr. Jan Schreurs, Corning Glass Works, Corning, New York). The samples (together with their respective CN-1 glass standards) were irradiated for 45 minutes (nominal thermal-neutron fluence of about 10 16 neutrons/cm 2 ) in position D-9 in the nuclear reactor at Washington State University (1 MW power level). After irradiation, the short-lived radionuclides in the samples were allowed to decay to background levels before further analyses were performed. Once removed from the samples and glass standards, mica sheets were etched for 12 minutes in 48 percent HF at 24°C, revealing the induced (formed by irradiation in the reactor) fission tracks for optical viewing. Fission track ages were calculated using a zeta calibration factor of 113.8 Ϯ 2.9 for Fish Canyon Tuff and Durango apatite age standards (Hurford and Green, 1983) .
